Abstract. Monoclonal antibodies have provided many validated and potential new therapeutic candidates for various diseases encompassing the realms of neurology, ophthalmology, immunology, and especially oncology. The mechanism of action for these biological molecules typically involves specific binding to a soluble ligand or cell surface protein in order to block or alter a molecular pathway, induce a desired cellular response, or deplete a target cell. Many antigens reside within the interstitial space, the fluid-filled compartment that lies between the outer endothelial vessel wall and the plasma membranes of cells. This mini-review examines the concepts relevant to the kinetics and behavior of antibodies within the interstitium with a special emphasis on radiometric measurement of quantitative pharmacology. Molecular probes are discussed to outline chemical techniques, selection criteria, data interpretation, and relevance to the study of antibody pharmacokinetics. The importance of studying the tissue uptake of antibodies at a compartmental level is highlighted, including a brief overview of receptor occupancy and its interpretation in radiotracer studies. Experimental methods for measuring the spatial composition of tissues are examined in terms of relative vascular, interstitial, and cellular volumes using solid tumors as a representative example. Experimental methods and physiologically based pharmacokinetic modeling are introduced as distinct approaches to distinguish between free and bound fractions of interstitial antibody. Overall, the review outlines the available methods for pharmacokinetic measurements of antibodies and physiological measurements of the compartments that they occupy, while emphasizing that such approaches may not fully capture the complexities of dynamic, heterogeneous tumors and other tissues.
cytokines. Most antibodies evaluated for oncology have targeted various glycoproteins, glycolipids, and carbohydrates that populate the surface of cancerous cells, although a few have targeted soluble proteins (2) . Consequently, the most relevant biological compartment for oncologic antibody therapy is often the interstitial fluid that lies between the outer endothelial vessel wall and the plasma membranes of cells (3) . The transport of antibodies into and within the interstitium depends on the biological and physicochemical properties of the antibody itself and how it interacts within the interstitial compartment (4) (5) (6) . For example, electrostatic interactions greatly affect the absorption, distribution, metabolism, and excretion (ADME) properties of antibodies due to the presence of negatively charged groups in the interstitial space including glycan chains on cell surfaces and heparin sulfate proteoglycans within the extracellular matrix (7) .
Increased attention has been focused towards the pharmacokinetics of small molecule drugs within the interstitial space (8) , with similar efforts for antibodies and other large molecule drugs (9, 10) . Unfortunately, such approaches have not become widely adopted as most quantitative measurements of concentration are still measured and interpreted merely in terms of plasma concentrations and total tissue uptake (11, 12) . This mini-review summarizes a
INTRODUCTION
Monoclonal antibodies have emerged as an important class of therapeutic drugs in a variety of disease areas (1) . The majority of therapeutic antibodies are designed to target either cell surface antigens or soluble ligands such as 1 Genentech Research and Early Development, South San Francisco, California 94080, USA. 2 To whom correspondence should be addressed. (e-mail:
boswell.charles@gene.com) ABBREVIATIONS: ADME, Adsorption distribution, metabolism, and excretion; Fc, Crystallizable fragment; DTPA, Diethylenetriaminepentaacetic acid; DOTA, 1,4,7,20- Although nonradioactive, bioanalytical methods are still regarded as the industry standard (13) , the use of radionuclides in the quantitative pharmacology of antibodies boasts extremely high sensitivity and well-established methods for incorporation and detection (14) . But perhaps the most important advantage lies in the facile detection of radionuclides in tissues for biodistribution studies (15, 16) . In fact, this process requires no special tissue handling, homogenization, bleaching, or quenching correction in the case of gamma-emitting radionuclides such as iodine-125 or indium-111.
Ideally, a radionuclide should be covalently linked to an antibody to create a stable linkage without impairing binding affinity to antigen or other receptors [e.g., Fc receptors (17) (18) (19) ]. Radiolabeling procedures should also be simple, efficient, reproducible, affordable, and occurring under practical conditions. Chemical linkage methodologies comprising carbonhalogen, thiourea, thioether, amide, ester, and disulfide bonds are available. One of the most common methods for radiolabeling antibodies involves radioiodination of tyrosine residues, which should be performed using the Chizzonite or "Indirect Iodogen" method to minimize losses in immunoreactivity (20) .
Alternatively, the stable attachment of radiometals to antibodies using chelates has been pursued to circumvent the susceptibility of radioiodine to dehalogenation (21) . Some metal complexation reactions can be quite slow, requiring elevated temperature and/or high pH values over extended time periods and therefore compromising the use of such radiolabeling methodologies. However, metal complexes that form too easily tend to exhibit lower in vivo stability (21) . Generally, DTPA derivatives and other acyclic chelates exhibit faster complex association and dissociation rates than 1,4,7,20-tetraazacyclododecane N,N′,N″,N″′-tetraacetic acid (DOTA) derivatives and other macrocyclic chelates. As for the extent of conjugation, an optimal chelate-to-protein ratio must be established wherein the degree of protein modification is optimized without reducing binding activity. This key variable is generally controlled by adjusting reaction stoichiometry and conditions (e.g., pH, temperature, and time).
Selection Criteria
The most obvious consideration in selecting an appropriate radiolabeling method is the physical half-life of the radionuclide (21) . For instance, the half-life of iodine-125 is roughly 2 months, while that of indium-111 is less than 3 days. Longer lived metallic radionuclides of interest include gadolinium-153 and lutetium-177 and are governed by similar complexation chemistry as radioindium.
In addition to half-life, the distinction between residualizing (metallic) and non-residualizing (halogen) radionuclides must be considered. Radiocatabolites of antibodies labeled with metal radionuclides via DOTA or other polyaminopolycarboxylate chelators tend to become trapped inside cells and accumulate in antigen-expressing tissues following receptormediated endocytosis (22) due to the residualizing properties of this charged, highly polar probe ( Fig. 1) (23, 24) . Importantly, while similar pharmacokinetic data in blood and antigen-negative tissues are typically obtained using either radioiodine or radiometal probes, a much different scenario exists in tissues that overexpress the antigen, especially if internalization occurs (25) . Specifically, the true amount of antibody present in tissues that express internalizing antigen is often overestimated due to residualization or trapping of radiocatabolites derived from the cellular metabolism of antibodies labeled with radiometal-chelate complexes. As such, for internalizing antigens, radiometal probes give cumulative uptake in target tissues, whereas radiohalogen probes more closely approximate the "real-time" concentration of antibodies within tissues (i.e., kinetics in the tissue). Given the known normal metabolism of immunoglobulins into their constituent amino acids (26, 27) , the primary radiolabeled catabolite of indium-DOTA-labeled antibodies following lysosomal proteolytic degradation is indium-111-DOTA-lysine (28) .
A very nice agreement in blood pharmacokinetics (PK) between 125 I and 111 In-labeled antibodies has been demonstrated in two separate studies through 7 days (15, 25) . Similarly, close agreement between radiometric ( 111 In) and ELISA-derived blood PK data has also been reported through 7 days (23). However, certain limitations exist regarding the extent to which radiohalogens and radiometals may be assumed to accurately represent real-time and cumulative tissue uptake of antibodies, respectively. These limitations vary with both time and tissues. Residualization of radiometals is never perfect and should instead be regarded as enhanced tissue retention. Furthermore, data in organs involved in clearance should be cautiously interpreted because transporters and other metabolic processes may impact the level and duration of residualization. Tumors have little to no lymphatic drainage and generally possess a high degree of residualization of radiometals; however, one must bear in mind that tumors are dynamic pseudo-organs that undergo continual growth, cell division, and cell death. Moreover, radioiodinated antibodies may somewhat underestimate the real-time concentration in tissues, particularly at late time points, due to dehalogenation; this is caused by a gradual removal of radioiodine from intact antibody by dehalogenase enzymes in vivo. Unfortunately, it is difficult to distinguish whether renal excretion of free 125 I − is caused by complete proteolytic degradation of the radiolabeled antibody or by dehalogenation of the radionuclide from the intact antibody.
Interpretation of Tissue Distribution Data
Proper interpretation of tissue distribution data is contingent upon the biological question to be addressed. Expressing tissue uptake in virtually any unit can reveal the degree to which the antibody distributes to various tissues. Units of micrograms per milliliter or nanomolar are appropriate to demonstrate the antibody concentration in tissues. Importantly, demonstrating the specificity of distributionwhether the uptake is dose-dependent and/or saturable-is best addressed by use of the dose-normalized unit of concentration, percentage of injected dose per gram of tissue (%ID/g). Conversion between non-dose normalized (e.g., micrograms per milliliter) and dose normalized (e.g., percentage of injected dose per gram of tissue) units of concentration may be easily achieved based on the concept of specific activity (see below). Finally, expressing data as percentage of injected dose (%ID) can convey the fraction of the antibody (or catabolite thereof) that is present within a given tissue or excreta; this is often appropriate for mass balance studies. In this context, distinction between intact antibodies and catabolites is often pursued using size exclusion radio-HPLC or trichloroacetic acid (TCA) precipitation of plasma, excreta, and/or tissue homogenates. However, tissues containing antibodies labeled with radiometal-chelate complexes should not be analyzed by TCA precipitation due to radiometal decomplexation in acidic conditions.
The specific activity of the radiotracer (i.e., the antibody labeled with the radionuclide) is defined as the ratio of radioactivity in microcuries or counts per minute (CPM) to the amount of protein in micromoles or micrograms. Using this quantity, the amounts of radioactivity (decay-corrected) in blood and tissues may be converted into absolute amounts of protein. Furthermore, a convenient formula describing the relationship between percentage of injected dose per gram of tissue (%ID/g) and the antibody concentration in micrograms per milliliter is as follows:
where "dose" represents the total administered dose of antibody in units of micrograms. Conceptually, the key to understanding this formula is that the injected dose "ID" refers to the dose in terms of both radioactivity and protein since the specific activity must be regarded as a constant based on the stable attachment of the radionuclide to the antibody.
INTERPRETATION OF RECEPTOR OCCUPANCY IN RADIOTRACER STUDIES Receptor Theory
When evaluated as a function of both dose and time, receptor occupancy can be used to evaluate optimal doses and dosing regimens for antibody therapeutics and other drugs. Receptor occupancy (RO) of an antibody is defined as the proportion of receptors (R) occupied by an antibody (A) at a given time (29) :
The basic underlying concept is that administration of a given dose of antibody will yield a certain plasma level as a function of time. Consequently, this plasma level will be associated with a dynamic receptor occupancy level that elicits an associated drug response (Fig. 2) . In some circumstances, it is reasonable to assume that the maximum drug effect will be achieved at or near 100% receptor occupancy.
For an antibody binding to its receptor in a steady-state equilibrium, the equilibrium dissociation constant (K D ) is defined as an inverse measure of binding affinity and also represents the concentration of antibody that produces 50% receptor occupancy (30):
Substituting the above definition for receptor occupancy and solving for the concentration of free receptors ([R]) yield the Hill-Langmuir equation:
where [A] is the free concentration of interstitial antibody. At high doses, it is a common practice to make the assumption that the free interstitial concentration approximates the total interstitial concentration; however, caution must be exercised in tissues having extremely high receptor expression levels. Calculations of receptor occupancy are based on an assumption that the target receptor is freely accessible to the antibody within the interstitial fluid space. This assumption may not be valid in some situations, particularly for tumors with areas of necrosis. Further complications arise when one considers that dose-dependent spatial heterogeneity in receptor occupancy may exist within a given solid tumor (31, 32) .
Competitive Binding Inhibition
Despite the simplicity of the Hill-Langmuir equation and knowledge of K D values for many antibodies, determination of specific values for receptor occupancy, especially across a dynamic dose range, is often impossible due to the aforementioned technical challenges in measuring free interstitial concentrations at steady state. As such, it is often more straightforward to employ radiotracer studies designed to reveal the dose at which maximum receptor occupancy is attained at a given time. It is extremely critical to bear in mind that, as the dose of unlabeled antibody is increased, increasing receptor occupancy levels means that the radioactivity levels in tissues actually decrease based on the concept of competitive binding inhibition (Fig. 2) (33) . In this situation, the radiotracer is used as a marker to follow the antibody levels in the tissue. At a fixed dose of radiotracer, radioactivity levels in the tissue decrease with increasing dose of unlabeled antibody due to competitive binding, reaching a bottom plateau at maximum occupancy.
COMPARTMENTAL PHYSIOLOGICAL MEASUREMENTS

Measurement of Vascular and Interstitial Volumes
If antibody concentrations are measured in terms of total, whole-tissue uptake, then a physiologically based correction is necessary to derive compartmental concentrations. Such corrections require knowledge of the relative tissue spaces that are occupied by blood and interstitial fluid. A considerable amount of physiological data for laboratory animals and humans is reported in the literature (34); however, the manner in which it is utilized should be approached with an understanding of several limitations since measurement techniques vary widely and the use of assumed nominal values is common (35) . Furthermore, the physiology of disease tissues such as xenograft models is highly variable and largely unknown. As such, preclinical methods for Fig. 2 . Receptor occupancy as it relates to dose in terms of absolute versus radiotracer uptake. In a direct binding model (left), as the dose of total antibody increases, the percent receptor occupancy also increases, approaching 100% or maximum occupancy. In contrast, in a competitive binding model (right), the radiotracer is used as a marker to follow the antibody levels in the tissue. At a fixed dose of radiotracer, radioactivity levels in the tissue decrease with increasing dose of unlabeled antibody due to competitive binding, reaching a bottom plateau at maximum occupancy. The cartoon below the graphs illustrates these concepts at the receptor level, with the unlabeled antibody (measured in micrograms) represented in blue and the radiolabeled antibody (measured in microcuries) represented in red measurement of vascular volume (Table I) have been developed to allow subtractive correction for the amount of antibody within the blood of tissues (35) . This measurement is based on a clinically utilized blood pool nuclear imaging protocol and relies on radiolabeling of red blood cells (RBCs) with technetium-99m and measuring the amount of radioactivity in CPM in tissues and blood using a gamma counter (Fig. 3) , yielding vascular volume (Vv) in units of microliters per gram of tissue:
In addition, similar methods have been established for measurement of extracellular volume following intravenous infusion of the extracellular marker indium-111-pentetate (36) . Subtracting the vascular volume (Tc-99m) from the extracellular volume (In-111) allows derivation of the pharmacologically relevant quantity, the interstitial volume in units of microliters per gram of tissue (Table I) .
The interstitial volume is also referred to as the "biophase" due to its central role in the biological mechanism of action for many drugs.
Direct Measurement of Interstitial Antibody Concentration
Another approach to obtaining antibody concentrations within the interstitial space involves direct sampling of the interstitial fluid itself. Although several technical challenges exist, this method has the advantage of not relying on physiological parameters and is therefore a more direct approach. Specifically, Wiig and coworkers have developed a low-speed centrifugation technique as a method to isolate interstitial fluid from tumors (9,37). However, extreme care and appropriate controls are necessary to ensure that the measurements are not confounded by blood contamination, inaccurate volumes, and even evaporation due to the very low volumes of collected interstitial fluid.
Ex Vivo Strategies for Assessing Interstitial Antibody Concentration
As an alternative to direct sampling of interstitial fluid, others have chosen to pursue ex vivo methods for measuring receptor occupancy. For instance, Bumbaca et al. administered various levels of unlabeled antibody, followed by tumor harvest, homogenation, and incubation in the presence of the radiolabeled version of the same antibody (16) . This approach allowed for estimation of the dose at which maximal receptor occupancy was reached; however, an actual value could not be determined. Furthermore, such ex vivo systems may underestimate the saturating dose because more receptors are potentially accessible for antibody binding in the processed tumor than in vivo.
Blood and Interstitial Corrections
The vascular and interstitial volumes may be utilized to calculate the amounts of antibody in the appropriate compartments. First, the amount of antibody within the blood of tissues is computed: Secondly, the amount of antibody (in micrograms) within the blood of tissues is subtracted from the total tissue uptake:
Finally, the interstitial concentration is calculated using the fractional interstitial volume (Φ):
The fractional interstitial volume (Φ) may be easily derived from interstitial volume (V i ) data in traditional units of volume per gram of tissue. For example, a tissue having an interstitial volume of 100 μL of blood per gram of tissue has a fractional interstitial volume of 0.100 since each gram of tissue occupies 1,000 μL of space (assuming a tissue density of 1 g/mL). The same relationship exists between the γ and vascular volume (V v ). Once the interstitial concentration of antibody is calculated, its units may be converted from micrograms per milliliter to nanomolars using the molecular weight of approximately 150,000 g/mol for most antibodies.
Distinguishing Between Free and Bound Antibody
Interstitial concentrations measured directly by collection of interstitial fluid only include free, unbound antibody molecules (see "Direct Measurement of Interstitial Antibody Concentration" section). In contrast, interstitial concentrations derived from compartmental correction of total tissue uptake include both free and bound fractions of interstitial antibody since radiometric detection methods are unable to distinguish between the two populations. This problem is not specific to radiometric methods, however, as the existence of similar challenges for bioanalytical methods has been documented (38) . One solution to this problem is to neglect the amount of bound antibody and assume that the free interstitial concentration of antibody approximates the total concentration; however, this is not a valid assumption at low doses or in tissues having high receptor expression levels.
Physiologically based pharmacokinetic modeling represents an alternative approach to distinguish between free and bound fractions of antibody in the interstitial space (10, 39, 40) . This approach is based on the law of mass balance, with blood concentrations dominating (C b ) the interstitial concentration (C i ) of antibody in a given tissue and the rates of extravasation (k) and lymphatic fluid flow (L):
In tumors, where lymphatic fluid flow is virtually nonexistent, the parameter L may instead represent the leaving rate of antibody from the interstitial compartment, most likely via binding and/or internalization by tumor cells. The major advantage of the modeling approach is that it provides an estimate of free interstitial concentration based on inputting known physiological values (e.g., Φ) as fixed parameters and curve fitting a model-derived equation to mathematically solve for unknown, variable parameters, including B 0 , the total number of binding sites (Fig. 3) (10,40) . The major disadvantages include a dependency on the accuracy of fixed parameters, validity of model assumptions, and a requirement for use of a non-binding control antibody.
CONCLUSION
In conclusion, radioactive probes are useful preclinical development tools that may be used to measure concentrations of antibody in blood and tissues and to further derive physiologically relevant concentrations within distinct biological compartments. The chemistry and selection criteria for radionuclides should depend on the specific biological questions to be addressed, and robust characterization of immunoconjugates is critical to ensure that labeling procedures do not affect immunoreactivity. Mechanistic studies support development of antibody therapeutics by identifying specific tissue uptake and by allowing estimation of receptor occupancy, which may be related to expected drug effect. Finally, both pharmacokinetic and physiological (compartmental) measurements are feasible, but may not fully reflect the complexities of dynamic, heterogeneous tumors and other disease tissues.
